1. Introduction {#sec1}
===============

Acute and chronic exercise elicits a wide range of stress-adaptive responses in the working skeletal muscle, functioning to protect myocellular homeostasis and structural integrity. The type of exercise being performed can be simplistically viewed as a continuum ranging from a relatively low-mechanical load, prolonged repetitive endurance exercise to relatively high-load, short-duration resistance-type exercise, with an endless variety of permutations in-between these extremes. Focusing on the extremes, the myocellular adaptations are well-described to differ markedly with exercise modality, with mitochondrial biogenesis \[[@bib1]\] and increased fat oxidation capacity \[[@bib2]\] being hallmarks of endurance exercise training and myofibrillar hypertrophy and increased strength being hallmarks of resistance-type exercise training \[[@bib3]\]. However, there are clearly exercise regimens such as high-intensity interval training (HIIT), eliciting potent mitochondrial adaptations despite being low-duration \[[@bib4]\], and venous occlusion exercise, eliciting muscle hypertrophy despite being low-load \[[@bib5]\], which suggest crosstalk between endurance and resistance-type exercise signals and challenge the dogmas of how skeletal muscle adaptations to exercise are orchestrated at the molecular level.

Across the continuum, exercise is believed to regulate the molecular stress-adaptation of skeletal muscle fibers by activating cellular signaling pathways. Phosphorylation-based-signaling is the most studied in this context with distinct kinases known being activated by endurance vs. resistance-type exercise, albeit with some overlap \[[@bib6]\]. Relevant to this review, however, reactive oxygen species (ROS) eliciting specific redox signaling events, i.e. post-translational oxidation/reduction (redox) modifications of intracellular molecules by ROS, have also been linked to adaptations to both endurance \[[@bib7]\] and resistance-type exercise \[[@bib8]\]. The review will discuss some of the current evidence linking specific ROS to exercise adaptations in skeletal muscle, highlighting the likely role of compartmentalization. Due to space limitations, we will limit this discussion mainly to two of the best evidenced examples of compartment-specific ROS generation in skeletal muscle, NADPH oxidases (NOX), and mitochondria, considering antioxidant defense systems only to make specific points, although the antioxidant systems are obviously also highly compartmentalized \[[@bib9]\]. Furthermore, we will focus on the myogenesis-independent muscle-fiber intrinsic redox signaling activated by non-damaging exercise. Many other aspects of exercise redox signaling have been covered by recent excellent reviews, and we refer the reader to these for more extensive background on skeletal muscle redox signaling \[[@bib10], [@bib11], [@bib12]\].

2. Compartmentalization is a crucial regulator of exercise redox signaling in muscle {#sec2}
====================================================================================

In fully differentiated skeletal muscle fibers, the majority of the cell interior is occupied by contractile myofibrils and a complex membrane system consisting of T-tubules and sarcoplasmic reticulum (SR). The remaining cytosolic space left in-between the myofibrils and beneath the sarcolemma is packed with the cytoskeleton, mitochondria networks, lysosomes, lipids and glycogen store particles, among other myocellular structures \[[@bib13], [@bib14], [@bib15]\]. Due to the dimensions and packed environment of muscle fibers, the control of cellular function both at rest and during muscle contraction likely depends on both localized metabolic processes but also connectivity to distribute and coordinate metabolites such as ATP across different compartments via e.g. the mitochondrial reticulum \[[@bib15]\]. It follows that the cell signaling mechanisms regulating muscle function must equally act locally and coordinated across large distances. Indeed, other signaling molecules in skeletal muscle are known to act locally and signal between different compartments, e.g. Ca^2+^ \[[@bib16],[@bib17]\].

2.1. Compartmentalized ROS regulation in skeletal muscle -- a brief summary {#sec2.1}
---------------------------------------------------------------------------

A large variety of reactive oxygen species are continuously produced in skeletal muscle during resting and contracting conditions \[[@bib12],[@bib18],[@bib19]\]. Among these, superoxide anion (O~2~^•^ ^−^) is the primary oxidant molecule produced by adding an electron to molecular oxygen (O~2~). Multiple organelles are known to produce O~2~^•^ ^−^ including peroxisomes, endoplasmic reticulum, and mitochondria \[[@bib20]\]. In addition, multiple cytosolic enzymes can generate O~2~^•^ ^−^ in a localized manner, such as NADPH oxidases \[[@bib12]\], monoamine oxidases, and phospholipases \[[@bib18]\]. O~2~^•^ ^−^ is rapidly and spontaneously converted to hydrogen peroxide (H~2~O~2~), a process accelerated by compartmentalized superoxide dismutase (SOD) isoforms \[[@bib18]\]. Due to its relatively lower reactivity, H~2~O~2~ is currently considered the primary redox signaling molecule \[[@bib21]\]. H~2~O~2~ is converted to H~2~O and, depending on the pathway, O~2~ by compartmentalized peroxidases including catalase, peroxiredoxins (Prxs) and glutathione peroxidases (GPx) ([Fig. 1](#fig1){ref-type="fig"}). There is evidence in non-muscle cells to suggest that antioxidant-systems help to shape not only the effective radius of H~2~O~2~ signaling \[[@bib9]\] but that Prxs in particular act as intermediates in transferring electrons to redox-target proteins, a process dubbed redox-relay \[[@bib22]\]. Superoxide may also react with nitric oxide (NO) produced by compartmentalized nitric oxide synthase isoforms to form peroxynitrite (ONOO^--^). Thus, where ROS exert biological signaling effects in muscle cells is a function of their reactivity, the subcellular location of their source (s) and their localized removal by enzymatic and non-enzymatic antioxidant defense systems \[[@bib23]\]. [Fig. 1](#fig1){ref-type="fig"} depicts some of the systems contributing to the compartmentalized regulation of ROS generation in skeletal muscle.Fig. 1Overview of major oxidant and antioxidant systems contributing to compartmentalized reactive oxygen species (ROS) generation during skeletal muscle contraction. A) In the cytosol (top left), current evidence suggests that cytosolic H~2~O~2~ generated by NAPDH oxidase (NOX) 2 is a major regulator of exercise-stimulated ROS. NOX4, reported on the sarcoplasmic reticulum (SR) and mitochondrial intermembrane space (IMS in top left panel) has also been linked to several physiological endpoints in skeletal muscle. H~2~O~2~ generated by both sources are removed by an intricate antioxidant defense network which may itself be compartmentalized. In mitochondria, sources of ROS include the electron transport chain (ETC) and NOX4. Mitochondrial ROS may signal locally within their compartment of origin or traverse the mitochondrial membranes, likely as H~2~O~2~ assisted by various channels. Mitochondrial ROS is removed by mitochondria-specific antioxidant proteins. B) Cytosolic ROS increases during acute exercise-bouts and has been linked to multiple physiological adaptations. Mitochondrial ROS do not seem to increase during acute exercise-bouts, but have been suggested to increase post-exercise, where they may regulate processes such as mitophagy. IMS, intermembrane space; ETC, electron transport chain; AQP, aquaporin; VDAC, voltage-dependent anion channel; O~2~^•−^, superoxide anion; H~2~O~2~, hydrogen peroxide; NOX2, nicotinamide adenine dinucleotide phosphate oxidase 2; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2; SOD3, superoxide dismutase 3; TrxR1, thioredoxin reductase; TrxR2, thioredoxin reductase 2; Trx1, thioredoxin 1; Trx2, thioredoxin 2; Prx1, peroxiredoxin 1; Prx2, peroxiredoxin 2; Prx3, peroxiredoxin 3; CAT, catalase; GSH, reduced glutathione; GSSG, glutathione disulfide; GPx1, glutathione peroxidase 1; GPx4, glutathione peroxidase 4; GSHR, glutathione disulfide reductase. Oxidized proteins are shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Focusing on exercise, recent work has studied mainly two compartments, mitochondria, and the cytosol. As discussed below, recent improvements in tools for studying sub-cellular redox-signaling, most notably compartment-targeted genetically encoded biosensors, have generated insight into the regulation of particularly H~2~O~2~ concentrations in mitochondria and cytosol under physiological exercise-conditions.

2.2. Mitochondrial ROS {#sec2.2}
----------------------

In 1982, Davis et al. \[[@bib24]\] were the first to report free radical production during treadmill exercise in rat skeletal muscle. They suggested mitochondria to be the main myocellular site of free radical production during muscular activity. Subsequently, the mitohormesis concept was proposed, positing that exercise-stimulated ROS generation by the mitochondria mediates some of the beneficial stress-adaptations to exercise \[[@bib25]\]. The potential of mitochondrial ROS for mediating muscle training adaptation is discussed below.

The mitochondrial electron transport chain (ETC) can produce O~2~^•−^ from at least 11 different sites at both sides of the inner mitochondrial membrane (for review see Ref. \[[@bib26]\]). Among these, complex I and III are currently considered the major sites of O~2~^•^ ^−^-production under physiological conditions \[[@bib27]\]. The generated O~2~^•^ ^−^ may act locally to modulate mitochondrial function. O~2~^•^ ^−^, most likely after conversion to the less reactive H~2~O~2~ by SOD2 in the matrix or SOD1 in the intermembrane space (IMS), could also be released into the cytoplasm through mitochondrial membrane-specific channels via inner-membrane channels such the mitochondrial permeability transition pore (mPTP) during non-pathological "burst" activity and outer membrane channels including voltage-dependent anion channels (VDAC) \[[@bib28]\], assisted by aquaporins (AQP) channels or via simple diffusion \[[@bib29]\] ([Fig. 1](#fig1){ref-type="fig"}A). H~2~O~2~ can also be lowered by the mitochondrial Prx3/5 and GPx4 systems ([Fig. 1](#fig1){ref-type="fig"}A). Whether H~2~O~2~ -mediated signaling occurs inside of mitochondria or needs to diffuse to the cytoplasmatic compartment to exert biological effects, has not been studied in skeletal muscle.

Pioneering work using mitochondria-specific redox probes in cultured intact mouse muscle fibers suggested that mitochondria were not the main site of ROS production during muscle contraction \[[@bib30],[@bib31]\]. In our recent work, we extended these measurements to *in vivo* exercise conditions \[[@bib32]\]. Taking advantage of a recently described N-ethylamide-based redox histology protocol \[[@bib33]\] combined with transfection of redox-sensitive green fluorescent protein (roGFP) prior to *in vivo* treadmill exercise, Henriquez-Olguin et al. \[[@bib32]\] showed a drop in the oxidation of the mitochondria-targeted H~2~O~2~-specific Orp1-roGFP biosensor during moderate-intensity *in vivo* treadmill running compared to resting levels. This suggests that exercise leads to either a decrease in H~2~O~2~ generation and/or increased H~2~O~2~ removal/buffering in the mitochondrial matrix \[[@bib32]\]. A likely factor decreasing H~2~O~2~ production might be a decreased mitochondrial inner membrane potential due to increased ATP production, with the membrane potential being tightly coupled to O~2~^•^ ^−^ production \[[@bib34]\]. In terms of H~2~O~2~ removal, factors such as increased ADP and intracellular acidification may also shift mitochondria towards a more antioxidant rather than pro-oxidant state \[[@bib35],[@bib36]\].

Although the behavior and role of mitochondrial ROS needs to be investigated across the exercise continuum and the current literature is limited to H~2~O~2~ measured in the mitochondrial matrix, the current evidence does not support that elevated mitochondrial H~2~O~2~ during exercise acts as a mito-hormetic signal transducer in muscle \[[@bib25]\]. However, mitochondrial ROS have been suggested to increase in the post-exercise period in mice, where they might play a role in orchestrating exercise-adaptations such as mitophagy \[[@bib37]\] ([Fig. 1](#fig1){ref-type="fig"}B).

2.3. Cytosolic ROS generation by NOX {#sec2.3}
------------------------------------

NOX2 and 4 are likely the main NOX family isoforms expressed in skeletal muscle (for review \[[@bib12]\]). The catalytic subunit of the O~2~^•^ ^−^ -generating NOX2 has been reported to reside in the plasma membrane and transverse (T) tubules in skeletal muscle \[[@bib38]\]. In non-muscle cell-types, NOX2 is internalized into so-called redox-active endosomes \[[@bib39]\] but it is currently unclear if this occurs in skeletal muscle. Due to the orientation of NOX2 in the membrane, O~2~^•^ ^−^ is likely produced outside the muscle fibers or inside redox-active endosomes \[[@bib40]\] and must traverse the enter the cytosol, likely assisted by AQPs after conversion to H~2~O~2~ \[[@bib41]\], to transduce signals in the cytosol. The NOX4 isoform has been reported to reside in multiple subcellular compartments including the sarcoplasmic reticulum in muscle and the mitochondrial IMS in non-muscle \[[@bib30],[@bib42]\], likely in the inner mitochondrial membrane \[[@bib43]\]. NOX4 is traditionally considered constitutively active, although this may still allow NOX4 to signal acutely in contracting muscle by responding to e.g. O~2~ levels \[[@bib42]\]. In addition, mitochondrial NOX4 was reported to be inhibited by direct ATP binding in cancer cells, thereby acting as a sensor of low ATP which ultimately regulated pyruvate kinase acetylation and lysosomal degradation in the cytosol \[[@bib43]\]. NOX4-derived ROS might obviously signal locally within mitochondria (IMS or matrix) as well.

In contrast to the unclear NOX4 regulation, NOX2 activity is regulated by many intracellular and extracellular signals which regulate the recruitment of cytosolic NOX2 regulatory subunits to the membrane-embedded catalytic NOX2 subunit to cause its activation \[[@bib12]\]. NOX2 complex assembly was shown to be stimulated by electrically evoked muscle contraction \[[@bib30]\] and endurance exercise in murine muscle \[[@bib44]\], and increased NOX2 activity in mouse single muscle fibers in response to electrical stimulation and mechanical stretch has been measured using roGFP conjugated to the NOX2-regulatory subunit p47phox \[[@bib45]\]. More recently, we demonstrated that the absence of NOX2 activity in transgenic mice lacking either of the NOX2-regulatory subunits p47phox or Rac1, prevented the moderate-intensity exercise-induced cytosolic H~2~O~2~ increase determined by the cytosolic Orp1-roGFP \[[@bib32]\]. Furthermore, the ability for exercise to increase 2′,7′-dichlorodihydrofluorescein oxidation in muscle cryo-sections, was observed in wildtype mice but not in mice lacking active NOX2 \[[@bib32]\]. This shows that the pro-oxidative shift observed with exercise in humans and mice likely depends on enzymatic O~2~^•^ ^−^ -production by NOX2. Although the influence of exercise intensity on NOX2-dependent ROS generation has not been formally tested, high-intensity interval exercise in mice transiently increased NOX2 activity measured using the p47phox-roGFP probe, returning to the basal levels within 1 h post-exercise \[[@bib46]\].

3. Adaptations controlled by compartmentalized exercise-stimulated ROS {#sec3}
======================================================================

This section will discuss three examples of acute physiological exercise adaptations across the exercise continuum that are likely regulated by compartmentalized redox-signaling, i.e. increased glucose uptake during moderate-intensity exercise, mechanical tension-induced activation of anabolic mechanistic Target of Rapamycin (mTORC1) signaling controlling muscle hypertrophy, and regulation of transcription factor translocation to the nucleus.

3.1. Exercise-stimulated glucose transport 4 (GLUT4) translocation {#sec3.1}
------------------------------------------------------------------

A process contributing to increased glucose availability as an energy substrate is the exercise intensity and duration-dependent stimulation of muscle glucose uptake \[[@bib47]\]. This process is determined by a coordinated increase in muscle capillary perfusion, transport across the myofiber surface membrane by GLUT4, and intracellular metabolism \[[@bib47]\]. Studies from the early 1990s and forward suggested that the glucose transport step, a process requiring redistribution (translocation) of GLUT4 from intracellular stores to the cell surface \[[@bib48]\], was stimulated by pro-oxidants such as exogenous mM concentrations of H~2~O~2~ in incubated mouse muscle strips \[[@bib49], [@bib50], [@bib51]\]. Conversely, non-specific antioxidants impaired the stimulation of muscle glucose uptake by electrical stimulation \[[@bib49],[@bib52]\] and mechanical stress \[[@bib53]\]. Using more physiologically relevant treadmill exercise, we identified the small GTPase Rac1 as being necessary for *in vivo* moderate-intensity exercise-stimulated glucose uptake in mice \[[@bib54]\], a much greater effect than observed with *ex vivo* contraction \[[@bib55]\]. Rac1 was previously linked to insulin-stimulated GLUT4 translocation in muscle cell culture via its well-established role as a regulator of the actin cytoskeleton \[[@bib56]\] but is also an essential regulatory subunit of NOX2 but not NOX4 \[[@bib12]\]. Therefore, we tested if Rac1 was essential for exercise-stimulated NOX2 activation and, as discussed above, found this to be so \[[@bib32]\]. Furthermore, mice lacking another essential regulatory subunit of NOX2, p47phox, shared the impaired exercise-stimulated GLUT4 translocation and glucose uptake observed in Rac1 KO mice, suggesting that Rac1 is required for exercise-stimulated GLUT4 translocation because it regulates NOX2, the predominant source of cytosolic H~2~O~2~ \[[@bib32]\]. The mechanism linking NOX2 to GLUT4 translocation is currently unknown, but NOX2-dependent ROS production presumably signals close to the surface membrane. There is evidence to suggest that contraction-stimulated GLUT4 translocation to the cell-surface is governed by decreased endocytosis rather than increased exocytosis of GLUT4 \[[@bib47]\]. Interestingly, Thioredoxin (Trx)-interacting protein (TXNIP), a cytosolic Trx1-binding partner suggested to signal as part of a Trx1/TXNIP complex to regulate different biological endpoints \[[@bib57]\], was found to regulate GLUT4 endocytosis \[[@bib58]\], making redox-inactivation of TXNIP by NOX2 an attractive candidate ([Fig. 2](#fig2){ref-type="fig"}). Another attractive candidate is CaMKII, a requirement for muscle GLUT4 translocation and glucose uptake \[[@bib59]\], which was recently suggested to be stimulated not only by Ca^2+^ via calmodulin but via NOX2-dependent cysteine-modifications in mouse skeletal muscle (Wang et al. Preprint available <https://doi.org/10.1101/767525>).Fig. 2Examples of exercise-regulated endpoints linked to compartmentalized redox-signaling. Across the exercise-continuum, cytosolic redox-signaling has been described to regulate different processes. During endurance-type exercise, NOX2 activity-likely residing within or near the surface-membrane - is required for exercise-stimulated GLUT4 translocation to stimulate glucose uptake. We speculate in this review that this may involve TXNIP or CaMKII, two redox-sensitive proteins previously linked to GLUT4 translocation. NOX2 activity may also regulate translocation of transcription factors such as NF-κB to regulate antioxidant defense. This may involve redox-sensitive proteins such as p38 MAPK and IKKy. Prx2 may act as a cytosolic intermediate in redox signal transduction. In response to mechanical stress during resistance-type exercise, NOX4 and nNOS have, via their convergence product peroxinitrite (ONOO^-^), been proposed to regulate Trpv1-dependent Ca^2+^ release to activate mTORC1 and stimulate muscle hypertrophy. Mitochondria are unlikely to increase their net ROS levels during exercise but increased mitochondrial ROS post-exercise may signal to regulate e.g. mitophagy. NOX2, NADPH oxidase 2; NOX4, NADPH oxidase 4; SR, sarcoplasmic reticulum; nNOS (β), neuronal nitric oxide synthase β; nNOS (μ), neuronal nitric oxide synthase μ; O~2~^•−^, superoxide anion; H~2~O~2~, hydrogen peroxide; Prx2, peroxiredoxin 2; Trx1, thioredoxin 1; TXNIP; thioredoxin (Trx)-interacting protein; CaMKII, calcium/calmodulin-dependent protein kinase type II; p38 mitogen-activated protein (MAP) kinases; IKKγ, IκB kinase γ; NF-κB, Nuclear factor-κB; SOD2, superoxide dismutase 2; GPx, glutathione peroxidase; NO, nitric oxide; ONOO-, peroxynitrite; Trpv1, transient receptor potential vanilloid 1; Ca^2+^, calcium; mTORC1, mechanistic target of rapamycin complex 1.Fig. 2

3.2. mTORC1 signaling determining muscle hypertrophy {#sec3.2}
----------------------------------------------------

At the other end of the exercise-continuum, mTORC1-stimulated growth signaling has been proposed to be an important regulator of skeletal muscle hypertrophy and resistance exercise-induced hypertrophy \[[@bib60],[@bib61]\]. The acute increase in pro-growth signaling by mTORC1 and other kinases after resistance-type exercise can be blocked by antioxidant ingestion in humans \[[@bib62]\], as can muscle hypertrophy with resistance exercise training in older men \[[@bib8]\]. A 2013 Nature Medicine-paper by Ito et al. \[[@bib63]\] and their follow-up papers \[[@bib64],[@bib65]\] presented evidence in a mouse synergist-ablation overload-induced hypertrophy model that the \~40% hypertrophy observed in control-mice required nNOS and NOX4-dependent ONOO^-^ production to increase Trpv1 Ca^2+^ channel opening. The Trpv1-mediated Ca^2+^ release increased mTORC1-p70S6K1 signaling to orchestrate overload-induced muscle hypertrophy ([Fig. 2](#fig2){ref-type="fig"}). To our knowledge, no independent studies have so far scrutinized the Ito-model.

Worth mentioning, NOX2 activity is a known requirement for cardiac hypertrophy \[[@bib66],[@bib67]\]. NOX2 activation is not confined to moderate-intensity exercise but is also activated by high-intensity treadmill-exercise \[[@bib46]\] and isolated passive stretch \[[@bib68]\]. Therefore, NOX2 activation by mechanical stress or other stimuli might also stimulate intracellular Ca^2+^ release to activate skeletal muscle anabolism in response to resistance-type exercise.

Thus, resistance exercise-stimulated anabolic signaling may depend on localized crosstalk between distinct ROS and RNS signaling domains, specific subcellular Ca^2+^ sources, and kinase-signaling \[[@bib68], [@bib69], [@bib70]\]. The physiological relevance of these mechanisms to humans needs to be further studied.

3.3. Transcription factors regulating gene expression {#sec3.3}
-----------------------------------------------------

Exercise training adaptations are elicited by repeated stimulation of gene transcription by exercise-responsive transcription factors (TFs) \[[@bib71]\]. Redox-sensitive regulation have been demonstrated for many exercise-linked TFs, including PGC-1α, FOXO, Nuclear factor-κB, and Nrf2 \[[@bib72], [@bib73], [@bib74]\]. There is most evidence in skeletal muscle suggesting exercise redox-regulation of the latter two, NF-κB and Nrf2. Since Nrf2 regulation has been amply reviewed elsewhere \[[@bib75]\], this section will instead discuss NF-κB as an example of a redox-sensitive transcription factor regulated by localized compartmentalized redox-signaling.

NF-κB activation is, in itself, a good example of compartmentalized regulation. At rest, NF-κB is sequestered in the cytoplasm by IκBα, a regulatory protein, which upon IκB kinase (IKK)-dependent phosphorylation of Ser^32^ and Ser^36^ sites \[[@bib76]\] is ubiquitinated and degraded by the proteasome \[[@bib77]\], allowing translocation of active NF-κB to the nucleus to stimulate transcription of a range of genes, which include the well-described myokine IL-6 \[[@bib78]\]. The exercise-induced translocation of NF-κB to the nucleus has been demonstrated in skeletal muscle across a range of exercise modalities, including low-intensity prolonged exercise in rats \[[@bib79]\], high-intensity bicycling in humans \[[@bib80]\] and 2 h post resistance-exercise in human muscle \[[@bib81]\]. This process appears to be redox-regulated since the antioxidant pyrrolidine dithiocarbamate (PDCT) blunted the 1 h treadmill exercise-induced activation of NF-κB evaluated in different ways in rat skeletal muscle \[[@bib44],[@bib82]\]. Furthermore, blockade of NOX2 activation using pharmacological inhibitors in mouse flexor digitorum longus muscle prior to electrical stimulation or swimming exercise strongly reduced measures of NF-κB activation \[[@bib83]\]. Interestingly, dystrophic *mdx* mouse muscle was shown to display a phenotype of hyperactivated NOX2 \[[@bib84]\] but a decreased ability to activate NF-κB in response to electrical stimulation and exercise \[[@bib83]\]. NOX2 hyper-activation in *mdx* mice was also associated with Prx2 hyper-oxidation and degradation \[[@bib85]\]. Based on these observations, it is tempting to speculate that NOX2 requires Prx2 to stimulate NF-κB transcription as part of a localized redox relay mechanism ([Fig. 2](#fig2){ref-type="fig"}). The exact redox-modified targets in the NF-κB pathway are currently unclear, but a study in macrophages suggested that mitochondrial ROS modified cysteine residues on the IKKγ subunit, specifically Cys^54^ and Cys^347^, to activate NF-κB \[[@bib86]\].

4. What can athletes learn from cellular redox mechanisms? {#sec4}
==========================================================

Exercise training-responsiveness, measured as various performance and/or capacity markers, is known to differ markedly between individuals undertaking either endurance \[[@bib87]\] and resistance-exercise \[[@bib88]\]. Interestingly, some studies are suggestive of the concept that the responsiveness to endurance exercise training is, in part, determined by redox-status in humans \[[@bib7],[@bib89]\]. Thus, Margaritelis and co-workers showed that various indicators of redox-status measured in plasma proteins, erythrocytes, and urine correlated negatively with the magnitude of adaptations in both exercise performance tests and redox-status indicators following 6 weeks of bicycle endurance training \[[@bib7]\]. The source(s) of ROS modulating blood and urinary redox status are presently unclear, and the interaction between blood and tissue redox-status is likely complex, making the blood and urine redox-markers somewhat difficult to interpret. The stratification by redox-status might also be co-selecting other traits determining endurance-performance. For instance, muscle fiber types are known to differ in their expression in antioxidant proteins \[[@bib90]\], and a high proportion of oxidative type I fibers is conducive to endurance performance \[[@bib91]\]. Nonetheless, these studies suggest a redox-component to exercise responsiveness.

Consistent with the concept that perturbations in redox-status are inversely correlated to an individual\'s trainability, blood markers of oxidation increase proportional to training load - which determines the extent of endurance exercise adaptation - during training regimens utilizing either high intensity/volume \[[@bib92]\] or high volume \[[@bib93]\]. Conversely, elite athletes - who adapt less to a given accustomed exercise training regimen - exhibit higher resting antioxidant defense enzyme activities and lower oxidative products than healthy controls in blood \[[@bib94]\]. Furthermore, exhaustive competitions acutely and transiently increased systemic oxidative markers in elite athletes \[[@bib94],[@bib95]\]. Studies such as the above support that exercise trainability is influenced by a given individual\'s in-born and environmentally modified redox status.

If exercise-adaptability is indeed determined by redox-pertubations in one or more tissues, then one should in theory be able to enhance exercise performance using compartmentalized pro-oxidants. This could be accomplished by either increasing ROS generation by a specific source or by inhibiting a specific antioxidant process. Supporting the feasibility of using targeted pro-oxidants, knockout of the cytosolic antioxidant protein GPx1 in skeletal muscle was sufficient to sensitize a physiological process, specifically insulin-stimulated PI3K-Akt-signaling and glucose uptake \[[@bib96]\]. However, an immediate challenge with this approach might be to target the correct subset of tissues, e.g. the exercising skeletal muscle, if using systemic supplementation. This is a known challenge with some antioxidants \[[@bib97]\]. Another challenge is that oxidative stress might contribute to the overtraining syndrome, characterized by fatigue and decreased performance \[[@bib98]\]. Thus, overtrained endurance athletes exhibit higher resting protein carbonyls and a blunted increase in post-exercise plasma antioxidant capacity \[[@bib99],[@bib100]\]. Any targeted pro- or antioxidant would obviously have to overcome these challenges. Future animal studies combining exercise training with genetic or pharmacological augmentation of specific ROS sources could help to clarify if this approach has any merit.

5. Conclusions {#sec5}
==============

The muscle redox-signaling field, like most other cell signaling field, is gradually moving towards the consideration of the biological importance of distinct subcellular signaling domains rather than global cell signaling. Currently, there is evidence that localized cytosolic ROS produced by NOX2 and NOX4 regulate acute exercise-adaptations, including glucose uptake, muscle hypertrophy signaling and transcriptional regulation. Mitochondrial ROS post-exercise may also regulate exercise adaptations. Harnessing and learning how to safely modulate localized ROS production and/or propagation might one day allow us to potentiate the redox-associated exercise hormetic responses to improve human muscle function in health and disease. Mechanistically, the contours of a complex connectivity between redox signaling, Ca^2+^ and in some cases NO is beginning to emerge, but more work in this field is clearly needed to define the regulation of each endpoint. Some of the major outstanding questions are highlighted in [Table 1](#tbl1){ref-type="table"}.Table 1Some major outstanding questions in exercise and skeletal muscle redox signaling.Table 1Redox subjectOutstanding questionsCompartmentalized ROS sources•What activates NOX2 during exercise?•What is the contribution of NOX2, NOX4 and mitochondrial ROS, respectively, to adaptive responses across the exercise-continuum?•What are the specific downstream molecular mediators of NOX2-dependent responses to acute exercise?•Do the different muscle ROS sources influence each-other during/after exercise?•Does mitochondrial ROS emission increase in the post-exercise period to elicit exercise-adaptations?Signal transduction•Do peroxiredoxins relay muscle redox-signals and how do they respond to exercise training?•Do aquaporins or other channels facilitate H~2~O~2~ diffusion across muscle fiber membranes?•What is the crosstalk in skeletal muscle between redox signaling and other signal transduction mechanisms such as phosphorylations and Ca^2+^?Training adaptations•Is the degree of exercise responsiveness linked to redox status within skeletal muscle, as suggested at the whole-body level?•Can exercise adaptations be safely enhanced by compartmentalized pro-oxidants?
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